The accumulation of visceral adipose tissue usually results from an energy imbalance involving the combination of excessive calorie consumption with insufficient energy expenditure. Increased visceral adiposity can induce insulin resistance and lead to type 2 diabetes mellitus, dyslipidemia, hypertension, and cardiovascular disease.
Obesity is caused by various environmental and genetic factors. 15) One of the main environmental factors causing obesity is the intake of a high-fat diet, now common in many populations. A diet-induced obesity animal model has been developed to investigate human obesity, replicating the effects of human obesity more accurately than genetic obesity models. 16) Mice that are fed a high-fat diet, develop obesity, hyperglycemia, and hyperlipidemia, and differ from those fed a normal diet in the expression levels of specific genes transcripts. 17) Recent studies have reported that propolis prevented and mitigated diabetes and hypertension, [18] [19] [20] [21] [22] but it remains unclear whether propolis similarly prevents and mitigates the accumulation of visceral adipose tissues and hyperlipidemia. In this study we examined the effect of propolis on visceral fat and hyperlipidemia induced in a high-fat dietinduced obesity mouse model, and analyzed hepatic gene expression involved in lipid metabolism.
MATERIALS AND METHODS

Preparation of Propolis Extract
Propolis used in this study was obtained from Apiai, Sao Paulo in Brazil. Propolis (1 kg) was treated with 50% ethanol (3 l) at room temperature for 24 h, and filtered. This extract included 10.8% of solid contents of propolis. Total flavonoids content in the extract was determined as amounts of quercetin by using the aluminum nitrate method as described previously. 23) In addition, the extract was subjected to reversed-phase column chromatography using following conditions: column, Shim Pack CLC-ODS (6 mm i.d.ϫ150 mm, Shimadzu, Japan); column temperature, 50°C; gradient system, A solvent (30% MeOH, 70% H 2 O and 1% AcOH) and B solvent (75% MeOH, 25% H 2 O and 1% AcOH), 0-20 min 100% A isocratic, 20-55 min 100% B isocratic, 55-75 min 100% A isocratic; flow rate, 0.8 ml/min; detection, UV 275 nm. As described previously, 3,5-diprenyl-4-hydroxycinnamic acid (artepillin C) and 3-prenyl-4-hydroxycinnamic acid (drupanin) were purified from the propolis extract and identified by NMR spectroscopy at our institute. 24) Purified preparations of artepillin C (purity 99.0%) and drupanin (purity 98.%) were used as standards. HPLC analysis of the extract showed a characteristic profile of Brazilian propolis, and cinnamic acid derivatives such as artepillin C and drupanin, which are distinctively contained in Brazilian propolis, were detected. 25) The extract used in this study contained 7.6 mg/ml of flavonoids, 8.6 mg/ml of artepillin C and 3.7 mg/ml of drupanin.
Animals Six-week-old C57BL/6N mice were obtained from Charles River Japan, and fed a standard diet and water ad libitum for 1 week. The mice were kept in a temperature controlled room with a 12-h light cycle. This study was approved by the Laboratory Animal Care Committee of Hayashibara Biochemical Laboratory, and all animal experi-ments were conducted in accordance with the Guidelines of Care and Use of Laboratory Animals at the Hayashibara Biochemical Laboratory.
Obesity Prevention Experiment Seven-week-old male mice were randomly divided into 3 groups (8 to 9 mice per group) and matched for body weight. A modified AIN-93G diet with a high fat content (50% of crude fat) was used as the basal diet. Its dietary constituents per 100 g food were as follows: bean oil 25 g, casein 25 g, alpha-corn starch 6.2 g, beta-corn starch 18.4 g, sugar 13 g, cellulose 6.3 g, vitamin mixture (AIN-93G) 1.3 g, mineral mixture (AIN-93G) 4.4 g, L-cystine 0.4 g, and t-butylhydroquinone 0.0014 g. 26) The mice were administered either the vehicle alone (2% EtOH) or with propolis at doses of 5 mg/kg or 50 mg/kg by stomach intubation twice daily for a period of 10 d. All samples were administrated in a volume of 200 ml.
Adipose Tissues, Serum and Liver Analysis On day 11 following overnight fasting, the mice were euthanized under ether anesthesia. Blood samples were collected from the abdominal aorta to measure serum triglycerides, total cholesterol, non-esterified fatty acid, and glucose as determined by enzymatic colorimetric test kits (triglyceride E-test, cholesterol E-test, NEFA C-test, and glucose CII-test) from Wako Pure Chemical Industries (Tokyo, Japan). Adipose tissues and liver were removed and weighed. Liver lipids were extracted by the procedure of Folch et al. 27) RNA Extraction and Quantitative Real-Time Polymerase Chain Reaction (PCR) Total RNA was extracted from each liver sample using the RNeasy Mini kit (QIAGEN, Tokyo, Japan) and DNase (QIAGEN) according to the manufacturer's instructions. Subsequently, first-strand cDNA was synthesized using superscript III reverse transcriptase (Invitrogen, Carlsbad, CA, U.S.A.) and Oligo(dT) [12] [13] [14] [15] [16] [17] [18] (Invitrogen). Specific primers for PCR were either identical to those described previously 17) or were designed using Primer3, and synthesized by Sigma Aldrich (Hokkaido, Japan). All PCR primer sequences are shown in Table 1 . Synthesized cDNA was mixed with SYBR Green Master Mix (Roche, Mannheim, Germany) and various sets of gene-specific primers, and real-time PCR was performed on LightCycler 480 system (Roche). For quantitative precision, the expression amounts of each gene were normalized to the housekeeping gene, Cyclophilin A (CYPA). Change in gene expression by administration of propolis was estimated as fold change relative to the mean value of control mice.
Measurement of Lipid Metabolism-Related Enzyme Activities in the Liver The frozen liver was homogenized in 3 mM Tris HCl buffer (pH 7.2) containing 0.25 M sucrose and 1 mM ethylenediaminetetraacetic acid (EDTA). The homogenate was then centrifuged for 10 min at 500ϫg, and the supernatant was removed and centrifuged for an additional 10 min at 9000ϫg. This supernatant was used for the assay of fatty acid synthase (FAS) enzymes. FAS enzyme activity was measured as described previously.
28) The enzyme activities were measured by the spectrophotometric assay using a Shimadzu spectrophotometer model UV2400PC (Shimadzu, Kyoto, Japan). Protein concentrations of the homogenates were measured by the Bradford method 29) with a protein assay kit (Bio-Rad, Richmond, CA, U.S.A.) using bovine serum albumin as a standard.
Pre-existing Obesity Mitigation Experiment A total of 24 mice were used in this study. Seven-week-old female mice were fed a commercial diet High Fat Diet 32 (Clear, Japan) to induce accumulation of visceral adipose tissues and insulin resistance for 8 weeks, and were then divided into 3 groups of 8 mice per group that were matched for body weight. The mice were then administered either the vehicle alone (2% EtOH) or with propolis extract at doses of 2.5 mg/kg or 25 mg/kg by stomach intubation twice daily continuously for 4 weeks (5 d per week). The mice were fed with High Fat Diet 32 and water ad libitum during the 4-weeks experimental period. On day 26, following overnight fasting, the mice were euthanized under ether anesthesia. Adipose tissues were weighed, and blood samples were collected to measure serum glucose and lipids.
Statistics Statistical analysis was performed using the JMP program (version 6.0) and all measurements were expressed as meanϮS.D. Statistically significant differences between the groups were identified using Dunnett's test. GGCACTAAGTGCCCTCAACCT GCCACATAGATCTCTGCCAGTGT BC006051 SREBP-2  GAAGTGACCGAGAGTCCCTT  GCGACAGTAGCAGGTCACAG  NM_033218  PPARa  ATGCCAGTACTGCCGTTTTC  GTATGACAAAAGGCGGGTTG  NM_011144  ACLY  GAAGCTGACCTTGCTGAACC  CTGCCTCCAATGATGAGGAT  NM_134037  ACAC  GAGAGGGGTCAAGTCCTTCC  ACATCCACTTCCACACACGA  NM_133360  MCAT  TGAAGGTCTGTATGCGGTGA  GAGATGACCCTGCAGTCAG  NM_001030014  FAS  TTGCTGGCACTACAGAATGC  TTACACCTTGCTCCTTGCTG  NM_007988  HMGCS1  TGATGCAGCTGTTTGAGGAG  GAGCCCTCGGTCAAAAATTA  NM_145942  HMGCR  CAACAAGATCTGTGGCTGGA  GCCAGCAATACCCAGAATGT  NM_008255  SQLE  GTTGTTGCGGATGGACTCTT  TCCTTCAGGTGCTCAGGTAA  NM_009270  CYP7A1  GATCAGGAGCCCTGAAGCAA  GCTGTCCGGATATTCAAGGA  NM_007824  CYPA  CGAGCTGTTTGCAGACAAAG  GATGCCAGGACCTGTATGCT  NM_008907 Specific primers for each gene were designed using Primer3 or were used as described previously. Figure 1 shows the weight gain of each mouse group during the experimental period. Administration of 50 mg/kg propolis extract significantly reduced the weight gain compared with the control group. Food intake during the experimental period was not affected by propolis extract, since daily food intake in mice of control and those of administrated 5 mg/kg and 50 mg/kg propolis extract was 2.71Ϯ0.31, 2.64Ϯ0.31, and 2.73Ϯ0.31 g/d/body, respectively. These results suggest that propolis is a pharmacological inhibitor of weight gain.
RESULTS
Obesity Prevention Experiment
Since propolis extract reduced weight gain, we examined its effect on the liver and the adipose tissue weights in highfat diet-fed obese mice (Fig. 2) . The retroperitoneal adipose tissue weights in mice administered 5 mg/kg and 50 mg/kg propolis extract were 0.20Ϯ0.07 and 0.21Ϯ0.06 g, respectively, and both of these were significantly lower than the tissue weight of the control group (0.26Ϯ0.05 g). Liver, perirenal and epididymal adipose tissue weights all tended to be lower than those of the control group, although the differences were not statistically significant. In the control group, the total weight of visceral adipose tissues (including retroperitoneal, perirenal and epididymal adipose tissues) was 0.90Ϯ0.15 g. Those in the propolis extract 5 mg/kg and 50 mg/kg groups were 0.73Ϯ0.17 and 0.72Ϯ0.19 g, respectively. A significant difference between the propolis extract 50 mg/kg group and the control group was observed in the total visceral adipose weight.
The effect of propolis extract on serum and liver lipid parameters of mice fed a high-fat diet for 10 d was examined (Table 2) . Serum triglycerides and cholesterol levels were significantly lower in the propolis extract 5 mg/kg group compared to levels in the control group. Serum non-esterified fatty acid levels were significantly lower in the propolis extrat 5 mg/kg and 50 mg/kg group than those in the control group. Serum glucose levels in the propolis-treated groups were comparable with those in the control group, but serum insulin levels tended to be lower than those of the control group (pϭ0.09 and pϭ0.09 for 5 mg/kg and 50 mg/kg propolis extract group, respectively). In addition, hepatic triglyceride levels were significantly reduced in a dose-dependent manner by the administration of propolis compared with those in the control group.
Lipid Metabolism-Related Genes and Enzyme Activity of the Liver To examine whether administration of propolis extract has a beneficial effect on lipid metabolism in vivo, the expression of genes involved in lipid metabolism was measured in liver using real-time PCR. We first analyzed mRNA levels of transcription factors associated with lipid metabolism (Fig. 3A) . Expression levels of sterol regulatory element binding protein-1 (SREBP-1), a key factor in transcriptional regulation of fatty acid synthesis, were significantly reduced by about 30% by administration of propolis extract (5 mg/kg, 50 mg/kg). The higher dosage of propolis extract also down-regulated mRNA levels of sterol regulatory element binding protein-2 (SREBP-2), which controls cholesterol biosynthesis. In contrast, no difference was observed in the mRNA levels of peroxisome proliferators-activated re- ceptor a (PPARa). We next examined the gene expression of several fatty acid synthesis enzymes (Fig. 3B) . Expression levels of acetyl-CoA carboxylase a (ACAC) and fatty acid synthase (FAS) in propolis extract-administered mice were significantly lower than those in control mice, in parallel with suppression of SREBP-1 mRNA levels.
Subsequently, several enzymes associated with cholesterol metabolism were selected and examined by mRNA expression levels (Fig. 3C) . The expression level of 3-hydroxy-3-methylglutaryl-Coenzyme A reductase (HMGCR), a ratelimiting enzyme for cholesterol synthesis, was increased by propolis extract administration. However, 3-hydroxy-3-methylglutaryl-Coenzyme A synthase 1 (HMGCS1) and squalene epoxidase (SQLE) mRNA levels were both reduced, depending on the dose of propolis extract. We also analyzed the expression of cholesterol 7a-hydroxylase (CYP7A1), a key enzyme that commits cholesterol to the neutral bile acid biosynthesis pathway.
We then examined FAS enzyme activity in mouse liver, because relative mRNA levels of certain lipid metabolismrelated genes showed down-regulation induced by propolis extract administration. FAS enzymes activity was significantly lower in the propolis extract-treated mice than that in the controls (Fig. 4) .
Pre-existing Obesity Mitigation Experiment Since propolis extract prevented the high-fat diet-induced accumulation of visceral adipose tissues and hyperlipidemia in young adult mice, we further examined the effect of propolis extract in obese mice that had been induced by a high-fat diet for 8 weeks. This corresponded to a 200% body weight gain over an 8-week period. The average body weight of 24 mice was 38.9Ϯ2.8 g at the beginning of the experiment. Propolis extract (2.5 mg/kg, 25 mg/kg) was then given to the obese mice by stomach intubation twice daily for 4 weeks. Figure 5 shows the body weight gain in each group of mice during the 4-week experimental period. Administration of 25 mg/kg propolis extract significantly reduced the body weight gain compared with the control group after 7 d. This weight gain was reduced by the administration of 2.5 mg/kg propolis ex- 
. Hepatic Gene Expression Analysis
Total RNA was extracted from liver samples, and subsequently first-strand cDNA was synthesized using superscript III reverse transcriptase as described. Expression levels of genes associated with transcription factors (A), fatty acid synthesis (B), and cholesterol metabolism (C) were analyzed by real-time PCR. Levels of Cyclophilin A (CYPA) mRNA were used for normalization. Changes in gene expression resulting from the administration of propolis were expressed as the fold changes relative to the mean values of control group. Values represent the meanϮS.D. of 8-9 mice. * Indicates p-value Ͻ0.05 (compared with the control group); * * indicates p-value Ͻ0.01 (compared with the control group). tract, although the differences were not statistically significant. Daily food intake in mice of control and those of administrated 2.5 mg/kg and 25 mg/kg propolis extract was 1.91, 1.93, and 1.86 g/d/body, respectively, suggesting that food intake during the experimental period was not affected by propolis administration.
The effects of propolis extract on adipose tissue weights, serum parameters and liver lipids was examined, and the results are shown in Table 3 . The perirenal adipose tissue weight in obese mice administered 25 mg/kg propolis extract was significantly lower than that of the control group. Changes in the retroperitoneal and parametrial adipose tissue weights were not statistically significant. The hepatic triglyceride levels were significantly reduced by administration of propolis extract compared with those in the control group. Similarly, serum triglyceride levels tended to be lower in the propolis groups. The serum non-esterified fatty acid levels were significantly lower in the propolis extract 2.5 mg/kg and 25 mg/kg group than those in the control group. The glucose levels were significantly lower in the propolis extract 25 mg/kg group than those in the control group, and the insulin levels in the propolis extract groups tended to be lower than those of the control group (pϭ0.06 and pϭ0.07 for 2.5 mg/kg and 25 mg/kg propolis extract group, respectively).
DISCUSSION
The prevalence of obesity is increasing worldwide. 30, 31) It is generally accepted that consumption of a high-fat diet contributes directly to visceral obesity in both humans and animals. Furthermore, visceral obesity induced by a high-fat diet is associated with increased risk for chronic diseases, including cardiovascular disease, certain types of cancer, diabetes, hyperlipidemia, and hypertension. These findings suggest the importance of preventing this accumulation of visceral obesity for the promotion of human health.
Recent studies reported that propolis could prevent and/or mitigate diabetes and hypertension, [18] [19] [20] [21] [22] but it is not known whether propolis also reduces the accumulation of visceral adipose tissues and hyperlipidemia. The present study was conducted to test whether propolis could reduce hyperlipidemia in a mouse model. In the first experiment we examined the effects of propolis extract on the elevation of visceral adipose tissue weight and serum and liver triglyceride levels in mice fed a high-fat diet over a short-term period. In the second experiment, propolis extract was administered to obese mice that had been fed a high-fat diet for 4 weeks, and changes in weight gain and lipids in serum and liver were evaluated.
In the first experiment, propolis extract inhibited both weight gain (Fig. 1 ) and the increase in visceral adipose tissue weight (Fig. 2) . In addition, propolis extract reduced the levels of serum triglycerides, cholesterol, non-esterified fatty acids, and liver triglycerides ( Table 2) . Because propolis prevented high-fat diet-induced obesity, a second experiment was designed to determine whether it also mitigates pre-existing obesity. Propolis inhibited the elevation in the body weight gain (Fig. 5) , and reduced the levels of serum nonesterified fatty acid and liver triglycerides (Table 3 ). In addition, propolis significantly reduced the levels of serum glucose and tended to reduce insulin levels.
We have not measured the locomotor activity of mice administered propolis extract in our experiments in detail, although the momentum is considered to be closely related to the calorie consumption. However, macroscopic observation suggested that there are no differences in the locomotor activity between control mice and propolis extract-administrated mice. In accordance with our observations, Kleinrok et al. 32) reported that propolis ethanol extract applied in doses ranging from 10-100 mg/kg in mice did not have an effect on spontaneous movement in these animals.
It has been known that the rise in blood lipids causes obesity and insulin resistance and that serum lipid levels are affected by diet and lipid-regulating organs such as liver, adipose tissue, and muscle. Furthermore, liver is the most important organ that senses blood glucose, insulin, and lipid, and consistently controls their levels through biosynthesis and catabolism. To clarify the mechanism for the anti-obesity activity of propolis, we focused on hepatic lipid metabolismrelated gene expression. The regulation of lipid metabolism in liver is controlled by several kinds of transcription factors, such as SREBPs and PPARa. SREBP-1 preferentially activates genes involved in fatty acid synthesis, while SREBP-2 preferentially activates genes involved in cholesterol biosyn- thesis. 33, 34) PPARa regulates transcription of genes associated with fatty acid degradation. 35) In our experiment, propolis significantly reduced both SREBP-1 and SREBP-2 mRNA levels. We also found out that the gene expression of FAS and ACAC activated by SREBP-1 was significantly decreased by administration of propolis extract. In addition, the activities of the FAS enzyme in the propolis extract groups were significantly lower than those in the control group. These results suggested that the gene expression involved in fatty acid synthesis correlated strongly with the lipid contents of liver. In contrast, PPARa mRNA levels in the propolis extract groups were similar to those in the control group. Although further studies are needed, we infer that propolis extract had hardly affected the fatty acid degradation via PPARa. These results suggest that one of mechanisms responsible for the inhibitory effect of propolis extract on the accumulation of visceral adipose tissue and hyperlipidemia was down-regulation of fatty acid synthesis.
Next, we examined the gene expression of several downstream targets of SREBP-2. The gene expression of HMGCS and SQLE, encoding early stage enzyme and late stage enzyme of cholesterol biosynthesis, respectively, tended to be down-regulated in the propolis extract groups, but that of HMGCR as key rate-limiting enzyme tended to up-regulate. In addition, the mRNA levels of CYP7A1, one of enzymes associated with bile acid synthesis, were unchanged. Therefore, we failed to clarify the inhibitory mechanism of lowdose of propolis extract on the blood cholesterol in the obesity prevention experiment. However, considering that highdose propolis extract in the obesity prevention experiment and both low and high doses in the obesity mitigation experiment had no inhibitory effect on the cholesterol level, it seems likely that inhibitory action of propolis on the cholesterol synthesis might not be strong.
Administration of propolis extract tended to decrease serum insulin levels in both the obesity prevention experiment and mitigation experiment. It is known that insulin increases the gene expression of SERBP-1 in liver. 36) Therefore, it is suggested that inhibition of insulin levels in mice administrated propolis extract caused down-regulation of SREBP-1 gene expression, resulting in a decrease of the fatty acid synthesis.
Recent study reported that propolis prevented the development of insulin resistance induced by fructose-drinking rats, 22) and that improvement of hyperglycemia and hypertension by propolis was ascribed to caffeoylquinic acid as one of the major bioactive constituents. 20, 21) Therefore, it may be worthwhile to examine the hypolipidemic effect of caffeoylquinic acid in our experimental system.
In addition, we found that propolis extract inhibited insulin resistance of differentiated adipocyte in vitro using a the 3T3-L1 preadipocytes cell line. 37) These results suggest that propolis extract may regulate lipid metabolism and improve insulin sensitivity. Further studies of gene expression in other tissues such as adipose tissues and muscle may provide additional key information about the hypolipidemic effect of propolis.
In conclusion, this study demonstrates that oral administration of propolis extract suppressed overall weight gain in mice, the accumulation of visceral adipose tissue weight, and the increase in serum and liver triglycerides that normally result from feeding a high-fat diet to C57BL/6N mice. Realtime PCR results suggested that the anti-obesity effects of propolis extract could be attributed to reduced expression of fatty acid synthesis genes in the liver. In addition, propolis extract inhibited body weight gain and liver triglycerides in obesity induced by a high-fat diet. Since it is known that accumulation of visceral adipose tissue and hyperlipidemia can induce metabolic syndrome, these results suggest that propolis extract could prevent and mitigate metabolic syndrome caused by excessive intake of a high-fat diet, and that this may occur by down-regulating lipid metabolism-related gene expression.
